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PREFACE

The development of several phases of research relating to vacuum
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NASA Levwis Research Center is the technical monitor. ‘This Qua.rterly Status
Report covers' ‘the penod i'run 1 August 1965 to 1 November 1965.

The research activity is conducted in the Physics Deparunent of “the
‘Midwest Resea:rch Insitltute under the direction of Dr. Sheldon L. Levy and

Mr. Gordon E. Gross. Research activities were conducted by Dr. Paul- Bryant,
Mr. Charles Gosselin and Mr. David Moore.
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SUMMARY

At——————

Experimental measurements as well as a theoretical description of .
cryosorption are given in this report. Their correlation establishes a solid
basis for the prediction of cryopanel operation. The theoretical description
jncludes the development of a new adsorption model and a camputer program for
the prediction of cryopanel operation with time, pressure, and temperature
as varisbles. This theoretical portion of the program was completed and pub-
lished during the last quarter as an article in the Journal of Chemical Physics
and a reprint is included as Part III “of this report. ‘

. The experimental portion of the cryosorption work is also described
in the present report. Results. obtained so far have shown correlation with
the theoretical predictions. The omset of second, third, and fourth monolayers
of helium occurred near the predicted pressures and within the spacings indi--
cated by the computer program. A condensation effect also was indicated and
traced through appro:d.mately 19 monolayers. All of the experimental results .
obtained so far have been for helium adsorbed upon an aluminum cryosurfacé at
4.28°K. ‘

The experimental results obtained for cryosorption now indicate that
the new physical adsorption theory is valid. The results also indicate that
the computer program is useful for the prediction of cryopanel operation.



I. INTRODUCTION

The three research phases of this program relate to the development
and application of vacuum science and technology. For example, the gas adsorp-
tion studles descnbed in this report relate to the des:Lgn and perfozmance of
cryopanels, - ‘

The two m'evious quarter]y reports have described results relat:mg
to dlffusim pmnp studies and to vacuum gauge calibration work, respectively.
Thus, each quarterly report has concentrated on one of the phases of the over-
all program. The next annual report will summarize the results from each of
the three research phases. 3

II. CRYOSORPTION EXPERIMENTS WITH HELIUM GAS AND ALUMINUM SURFACES

Experimental results have been obtained for comparison with the pre-
dicted operation of a cryopanel. Helium gas was allowed to adsorb onto an
aluminum surface at 4.28°K. A quartz piezoelectric crystal oscillator is
being employed as a microbalance to measure the amount of adsorbed helium,

The surface of the quartz crystal is covered with a thin aluminum film which
serves as an electrode as well as a cryopanel material. The adsorbed helium
atams add to the mass of the crystal and causes a damping of the oscillations;
thus, the resonant frequency of the system is a function of the amount of
adsorbed helium.

The electronic oscillator circuit which was constructed specifically
for this microbalance application is capable of maintaining the crystal at
S Mc. with mean variation of 0.1 cycle. The counter and digital-to-analog
converter circuit used for data recordings are capable of transmitting this
high accuracy to a chart recorder in 10 sec. data bits. For rapid data collec-.
tion the time interval for data summation is reduced to 1 sec. and the fre-
quency count is accurate to 1 cycle. The data for helium adsorption mdlcate 3
a sensitivity of 200 cycles/monolayer. . That is, with repid deta collection
and 1 sec. recording times the microbalance can measure 1/200 of a helium mono-
layer.

Data for helium adsorption have been recorded in several different
ways. The amount of helium in the gas phase versus the adsorbed phase was
recorded for pressures fram 10-11 torr to 10-3 torr and for adsorbed quantities
from a fraction of a monolayer to 19 monolayers while pure helium was being
admitted to the system. However, for low pressures this dynamic process did



not permit equilibrium pressure data to be collected in a reasonsble time
period. Therefore, individual pressure measurements were obtained under equili-
brium conditions for specific surface coverages. Another method of data col-
lection was based on a uniform time rate of helium gas admission to the system.
The fraction of hehum pumped by the microbalance cryosurface was then recorded
versus time with the remaining fraction allotted to the gas phase.

The slmmatlon of data for helium pumped by an aluminum cryosurface at
4.28°K shows. the fcm.mng features: a pressure ‘below the recording 1imit of
standard UHV gauges (both an ion gauge and a cold cathode gauge were “employed)
for fractional monolayer coverage; a pressure of 10-5 torr for initiation of
second monolayer coverage; third and fourth monolayer coverages in the 10™4
torr range; and a rapid build-up of adsorbed layers with pressure rise around
10-3 torr. Each of these experimental cbservations shows general agreement -
wvith the operation of a liquid helium temperature cryopanel as predicted by the
theoretical phase of this program. The theoretlcal development and: ;rredmtims
are presented in Part III of this report.

III. PHYSICAL-ADSORPTION ISOTHERM BASED ON A TRIARGULAR-SITE MDDEL

(The research work covered by this section of the report was sub-
mitted for publication to The Jourml of Chemical Physics. The reprint from
this Journal is included as part of this report.) ‘
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Physical-Adsorption Isotherm Based on a Triangular-Site Model*

Ly H. Tavior, Wirrian W. LoNGLEy, Jr., AND PauL J. BeyanT
Midwest Research Institute, Kansas City, Missouri
(Received 10 February 1965)

A multilayer physical-adsorption-isotherm theory is developed; it assumes that a gas atom cannot be
physuzﬂyadsorbedmanupperlayerunlastherersatnanguhrarrayofthreeadsorbedatomsmthe
layer below forming a site for adsorption. Neighbor interactions via Lennard-Jones intermolecular poten-
tials are included in the calculation of the adsorption energy. The resultant isotherm is linear for low cover-
ages, indicates a horizontal interaction correction to the Langmuir adsorption isotherm when there is only
first-layer coverage, and may yield a series of steps for sufficiently low temperature. Numerical adsorption
isotherms for He on glass at 4.28° and 77°K are presented. The former isotherm exhibits distinctive steps
when each Jayer is condensed, whereas the latter isotherm is quite smooth.

L INTRODUCTION

ANY theories of physical adsorption have been

proposed, and many modifications of these
theories have been developed. This intensive effort
is understandable since the phenomenon is extremely
interesting and would seem to lend itself to precise
experimental measurements and accurate theoretical
descriptions. Experience has shown that physical
adsorption is a function of many variables, e.g.;
molecular interactions, sutface roughness, adsorption-
site models, molecular vibrational states, etc. To avoid
excessive cumbersomeness and difficulty, it is custom-
ary for any theory to incorporate only a few variables
and to approximate or to ignore the réma.inder This
paper is no exception in that regard.

The derivation presented here has some different
assumptions, but is analogous to the derivation, via the
discipline of statistical mechanics, of the Brunauer-
Emmett-Teller (BET) adsorption isotherm.!? There
are also similarities to Halsey’s triangular-site model.3
In the new theory, the mathematically flat surface
with S fixed sites is borrowed from the BET theory.
The variation of site energy with coverage of all

* This work was supported by the National Aeronautics and
Space Administration, Headquarters, Washington, D. C., under
Centract NASr—63(06).

1'W. C. Band, Introduction to Quantum Statistics (D. Van

Nostrand Company, Inc., New York, 1955)
-2 8. Brunauer, P. B.Emmett and E. Teller,} Am. Chem, Soc.
69, 309 (1938).
3G.D. Halsey, Advan Catalysis 4, 259 (1952).
¢ G. Halsey, J. Chem. Phys. 16, 931 (1948).
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permitted layers is considered in greater detail than
in either of the above-mentioned theories. This energy
treatment is based on a Bragg-Williams model® for
occupation assignment.

Section II details the numerous appronmatmns
used in this paper and describes the statistical-me-
chanical theory used to derive the physical-adsorption-
isotherm equations based on a ‘triangular-site model.
Since treating molecular interactions causes the
adsorption energy to vary as a function of coverage
in all layers, an “effective” adsorption energy is defined
in Sec. III. The adsorption isotherm equations are
discussed in Sec. IV, and an iteration technique is
presented. Two specific isotherms for helium on glass
are calculated from this theory and discussed in Sec. V.

- IL GEI!ERAL THEORY

The mathematically flat surface of the BET theory
is used; however; the smgle-partlcle—smgle—site model
of the BET theory is replaced by the more aesthetic
triangular-site model of Halsey,! i.e., it is assumed that
a partide cannot be adsorbed in an upper layer unless
there is a triangular array of three adsorbed particles
formmg a site for adsorption. The BET and tna.ngular-
site models are compared diagrammatically in Fig. 1.

Let X; represent the number of adsorbed particles
in the jth layer. Then the total pumber of adsorbed

ST, L. Hill, Introduction to Statistical Thermodynamics (Addi-

son-Wesley Publishing Company, Inc.,, Cambridge, Massachu-
setts, 1960). -
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particles 4 is given by
J
A= ZX 7
=1

where J is the total number of layers containing ad-
sorbed particles. In addition, let each layer be mathe-
matically flat and contain S; fixed sites in the same
configuration as those of the first layer but laterally
displaced for close packing. Furthermore, assume that
the probability of a given fixed site being occupied is
0;, where 8;=X;/S; is the fractional occupancy of the
jth layer. This choice of occupation probability is
consistent with the gas particles striking the adsorbing
sites at random and being unable to migrate over the
surface.

The next problem is to find the number of sites
available for an adsorbed particle in the jth layer.
The triangular-site model and the close-packed-array
assumption make this quantity equal to the total
number of possible sites, neglecting the site occupa-
tion rule, times the probability of simultaneous occu-
pation of three adjacent fixed sites in the preceding
layer, i.e.,

Sj=Xj_10j_12, Xo= S;, 00=1. (1)

Equation (1) replaces S;=X;_; in the BET theory.
Now S5; need not be an integer. The generalized
factorial, the gamma function, is used in the calcula-
tion of the total number W of independent ways to

assign N indistinguishable particles to the over-all -

adsorption system (gas and adsorbate surface):

X IREY r(S+1)
T
I':;Il n; JL(X;+1)T(S;—X;+1)

where w; is the degeneracy weight of the ith energy
level e; of the gas and #; is the number of gas particles
in that energy level.

The statistical problem is to find the numbers X;
and #; that give a maximum value to o,=InW, under
the restrictions of a given total number of particles N
and a given total energy E. The constraints on the
system are given by

(2)

N=3(n+X)),

i=1

E=Y.(ne~XW), (3)

where W; is the average energy of adsorption for each
adsorbed particle in the jth layer.

Since N and E are constant and o, is a maximum,
their variations must vanish. In performing the
variational calculation, it is convenient to define the
“effective” adsorption energy E; which obviously
depends on the molecular interactions and interlayer-
adsorption-energy variations, as follows:

aw;
de;

J
E;=W+ 28

=1

4
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F1c. 1. Site models.

The variational calculation yields the following equa-
tions:
(5)

(6)

where ¢,=0,04, 0, being that part of the product
pertaining only to the adsorbed particles and o, that
part pertaining only to the gas particles.

Equation (5) is the classical equation of an ideal
gas of Boltzmann particles treated separately from the
adsorbed layers. Assuming n; to be very large leads to
the identification of a and 8 in terms of the chemical
potential u and the absolute temperature T of the gas
phase’:

doy/dn;=a+Be;,
da'a/dXJ'= a—pE;,

a=—u/kT, B=1/kT, )

where %y is Boltzmann’s constant. The ideal gas law
also follows:

pV=N,,k0T,
Ny=k ' KV(MT)¥exp(u/kTY,

K= (2mke)hoh3, (8)

where V is the volume, p is the pressure, M is the mass
of a gas particle, and %k is Planck’s constant. These
results are derived from Boltzmann statistics which
are valid! when a exceeds 3.

It is now convenient to define a new parameter 7;,
such that

v5= exp[— (s+E;) /o T] 9
and to evaluate this new parameter in terms of physically

measurable parameters. From Egs. (8) and (9) one
obtains

vi= (KMITY/p) exp(— E;/kT). (10)
Equation (6) can now be written as
do,/d8;= Sy Iny;. (11)

The latter expression is the basic equation to solve
in deriving the adsorption isotherm. By using Stirling’s
approximation for large arguments of the gamma func-
tions in Eq. (2) and by differentiating the result, the

!

s

1
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Fi6. 2. Adsorption geometry.

left-hand side of Eq. (1) is evaluated. The final result
=[(0:—0;)/03[0%/ (67— 0:)P*".  (12)

The triangular-site physical-adsorption isotherm is ob-
tained from the simultaneous solution of Eqgs. (10)
and (12).

1. EFFECTIVE ADSORPTION ENERGIES

The energy of adsorption W; is defined as the differ-
ence between the energy of a free particle at rest and
the average energy of an adsorbed particle in the jth
layer. Equation (4) shows that the effective adsorption
energy E;is completely determined when all the W)’s
are known. ,

It is assumed that the intermolecular. potential ¢
between two adsorbed molecules can be closely approxi-
mated by the Lennard-Jones (w-m) potennal for
spherically symmetric molecules:

1/(m—n »
£ —E) T Z - f ], m>n, (13)
m-—n\n" r r

¢(r)=

where r is the distance between the molecules, o is the
distance of closest approach of two molecules which
collide with zero imitial relative kinetic energy, and ¢
is the maximum energy of attraction of the two mole-
cules when the repulsive term is also considered.® If R
represents the equilibrium distance between the ad-
sorbed molecules, it is necessary that ¢ be a minimum
at R; ie., .

R=(m/n) =g, (14)

Since ¢ is an energy per pair of gas molecules, and since

~W; is an energy per gas molecule, each pair that in-
- cludes one specific molecule will contribute 36(r) to
- W; for that molecule.

The intermolecular potential ¢, between an adsorbed

- molecule and an adsorbent molecule is approximated

by another Lennard-Jones potential:

=5 1O-®) et oo

Since the change of potential at an adsorbent molecule
*J. O. Hirschfelder, C, F. Curtiss, and R. B. Bird, Molecular

’ ,¢x (n=

Igggyaf&usmw (JohnW‘zley&Sons Inc NewYork
1

is not considered, the entire value of ¢, will be assigned
to W; for the adsorbed molecule.

The term “physical adsorption” can now be explicitly
defined as that adsorption for which 2>!>3 and
m>n>3. In other words, attractive forces arising from
ionic charges and permanent dipoles are excluded from
consideration.

Integration of the intermolecular potential of gas
and adsorbent molecules over the volume occupied by
the solid leads to an evaluation of the adsorbent con-
tribution W,; to the adsorption energy W;. The integra-
tion implies that the intermolecular potentials are
additive. This latter assumption is probably more
serious than any made thus far” but it is necessary
for any simple and usable theory.

With the surface located a distance D below the
centers of the adsorbed molecules in the first layer

(see Fig. 2), W, is given by
Wd=Wn
’ B \MG-D [} 2\ UG—D 1
=2l "D(z"—'i) ( 12) (k—3)(1-3)°
(16)
where ,
D=[(I—2)/(k—2) J*Dq, an

and N, is the number of adsorbent molecules per unit
volume. The energy of imteraction :W,, was chosen to
be a maximum for the particular-potential used, thus

explaining why D is less than o;.
The adsorbate layers are assiamed to be equally
spaced at intervals g from each othes: Thus, the distance

between the first layer and the
in Fig. 2) is a;, where

Isver (as indicated

0;=(j—1)a=Df: (18)
The adsorbent contribution to W; is given by
i W.[ k-3 -3
W,;= .
T k=R (1+d) (1+d,->H] (19)

An adsorbed molecule interacts with the adsorbent
and all other adsorbed molecules. The interactions
between the molecules of the ith layer and a specific
molecule in the jth layerarelabeledW . The adsorption
energy can be determined by summing W,;, which has

‘already been evaluated, and all Wy The W,; are

individually evaluated below by treating the nearest-
neighbor interactions exactly and approximating the
remaining interactions.

The evaluation of W, ; is interesting since the

"molecules in the (§4-2)th layer may be positioned in

two possible ways. If these molecules lie above those
in the jth layer, the hexagonal close-packed crystalline
structure results. Otherwise, the face-centered-cubic
structure is obtained. But there is virtually no differ-

1J. R. Sams, G. Constabaris, and G. D. Halsey, Chem.
Phyjs.36, 1354 (1962). I ¥
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ence in energies between these two crystalline structures.
Therefore, the interaction energy is evaluated by
representing the (j4-2)th layer as a plane and inte-
grating over it. The result is

Wi=0u(| a1—a; ), (20)

where
O ) ) ) |
(21)

The subscript / is used in Eq. (20) since it can be used
for any layer that does not contain a nearest neighbor
to the particle in the jth layer. Equation (20) will be
used for all / except j—1, 7, and j+1.

The evaluation of the W, ; interaction energy is
straightforward and is done by summing over the three
nearest neighbors at distance R’ (see Fig. 2) and by
integrating over the remainder of the (j—1)th layer.
The result is

Wi1,i=[0-12(0) —36(R) 17,

where fi'=1—§;! relates f;’ to the Kronecker delta and
p is, for the moment, an arbitrary distance used in
both the (j—1)th and (j+1)th layers as illustrated in
Fig. 2.

The W, ; interaction energy is treated in a like
manner. The integrated term is exactly analogous to
that in Eq. (22), but the factor 3/2 appearing in the
other term must be replaced by a probability function,
because the three nearest neighbors are no longer in-
volved in forming the triangular adsorption site and,
hence, cannot be assured of existence. This probability
function P; is evaluated as

Pj=(0541/307) P;_1, (23)

Therefore, the contribution of the (j41)th layer to
Wj is

(22)

Po= 301.

Wit1,i=0112(p) —3 P (R').
Likewise, the W; interaction energy is evaluated to be
W j=0z(w) + Pj_1e, (25)

where w is another arbitrary distance (see Fig. 2).
The values of w and p must be ascertained in a
systematic manner. The chosen method of determining
w is to require the integration result (for §;=1) at w
to equal the correct result obtained by actually summing

(24)

over the six next-nearest neighbors lying within the jth-

layer. Thus, w is determined to be
w=[2xr/(n—2)V3]V"2V3R. (26)
Using a comparable argument for p, we obtain

p=[4w(4R*+3a?) /N39(n—2) REJD (4 R2+a?)}. (27)

PHYSICAL-ADSORPTION ISOTHERM

The adsorption energy is determined by adding the
above interaction energies to give

Wi=W.—33f/+P;)$(R')
+ Pjae+0;z(w) + ( fi0;—1+011) 2(p)
+20,z(a,-—a,) + E 02(a;—a;). (28)

=742

Equation (4) can now be applied to this equation to
yield the effective adsorption energy

Ej=W.+2Pi1e—3(3+ Piii1/0)) f; ¢(R’)
i 2‘—’—101[Pt—;e_ 1¢(R,)]
=1 )

+26,2(w) +2( f/0;-1+0511) 2(p)

+220.z(a,-— a;)+2 Z Biz(a:—aj).

=52

IV. ADSORPTION ISOTHERM

The triangular-site physical-adsorption equations
cannot be solved exactly but must be solved iteratively.
The kth iterative solution is obtained by rearranging
Eq. (12) to give

6;%=6; P[1+7;(1—0;:6,)%7 17, (30)
where the right-hand side is evaluated by using the kth
iterative values for all 8;, £<4 and the (k—1)th itera-
tion values for all 6;, 2> 7. The exact theory is obtained
when the iteration converges.

Starting values for the exact theory can be obtained
either from intelligent guesses or from the approximate
theory. The approximate theory, which sets §;=0 for
1>5 and neglects the 6; dependence of v;, has many
interesting properties. For example, when

PLEMIT exp(— W, /R T),
0.~ (p/ KMATY) exp(Wo/koT), (31)

it is shown that the percent coverage is directly propor-
tional to the pressure. This linear dependence has been
verified for Kr, Ar, and Ne on P33 carbon black.? In
the range where Eq. (31) is invalid but only mono-
molecular adsorption is occurring, the approximate
theory reduces to the conventional Langmuir adsorp-
tion isotherm for a single adsorbed layer.

The exact theory is based on a solid-state approach
to the adsorbed layers and must become invalid when
the temperature is above the melting point of the ad-
bate or if the resultant crystalline structure is neither
face-centered cubic nor hexagonal close packed.
(Evidence® has been presented suggesting that helium

8 G. Constabaris, J. H. Singleton, and G. D. Halsey, Jr., J
Phys. Chem. 63, 1350 (1959).

? J. G. Aston, S. V. R, Mastrangelo, and R. J. Tykodi, J. Chem.

Phys. 23, 1633 (1955).

(29) J
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Fie. 3. Adsorption isotherm for helium on porous glass at
4.28°K.

theory is that E; passes through a maximum and then
decreases as the pressure is increased. However, a close
examination of Eq. (29) shows that this maximum

should almost coincide with the event of 8;;=673, and
'from Eq. (30) this equahty cancels any variation of
yy, Thus far, numerical calculations (see Sec. V) have
'shown the cancellations to be the case.

V. NUMERICAL RESULTS

In order to make numerical predictions, certain
parameters needed to evaluate the E;’s are based on
measurements by different methods. Halsey,” by fitting
|adsorption data to a 3-» potential, has measured the
ivalues of D and W, for six different adsorbates on
porous glass and eight adsorbates on P33 graphitized
carbon black. Gas-gas force constants, ¢ and ¢, are
given in Hirschfelder, Curtiss, and Bird.® Based on the
assumption of ideal hexagonal close-packed or face-
centered cubic structure (R’=R), the values of &, w,
and p can be calculated from the gas-gas R value.

The approximate and exact theories were both

4001 j=t —
3001
3
£
% 200
F
100+
i=2 ___'_III
i=4 i=3
i= 5&__}

0%

10720 107

PRESSURE {atmospheres)

F16. 4. Energies of adsorption for helium on porous glass at
4.28°K. per

{ 19.G. D: Halsey, Jr., Trans, Natl. Vac. Symp. 1961, 119 (1962).
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adsorbs onto titanium dioxide in a solid-state lattice.)
One of the more interesting features of the exact
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F16. 5. Effective adsorption energy for helium on porous glass
at 4.28°K.

applied to calculate triangular-site adsorption isotherms
for helium on porous glass at temperatures of 4.28°
and 77°K. The former isotherm is plotted in Fig. 3
where “monolayer coverage” @ is defined as the ratio
of the total number of adsorbed molecules to the number
of sites present on the adsorbent, i.e., 4/S;. The ap-
proximate theory appears to be fairly good for <2,
but fails badly at higher coverages. However, the most
striking features of Fig. 3 are the very abrupt steps
exhibited by the exact theory. This apparent condensa-
tion is physically attributable to the intralayer molec-
ular interactions. If the classical second virial coefficient
value® of ¢/ks, 6.03°K, were used, the pressures which
permit second- and higher-level coveragés to become
appreciable would be raised by a factor of ~100. Thus,
the theory indicates a strong dependence on the value
of e

The adsorption energies and effective adsorption
energies are plotted in Figs. 4 and 5, respectively.
Note that the adsorption energies are monotonically
increasing, whereas the effective adsorption energies
for the first three layers exhibit maxima. However, no
physical effect of the maxima is predicted since, when—
ever E; decreases, the multiplicative factor of v; in
Eq. (30) is always zero due to filling of the ( _7+1)th

layer.

s
o
T

o
=}
T

5

COVERAGE IN MONOLAYERS

1000 2000 3000
PRESSURE (atmospheres)

Fic. 6. Adsorption isotherm for helium on porous glass at 77°K.
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The triangular-site adsorption isotherm for helium
on glass at 77°K is plotted in Fig. 6. Notice the smooth
curves and partially filled layers as contrasted with the
single-layer condensation steps of Fig. 3. As expected,
the adsorption energies shown in Fig. 7 are smoothly
and monotonically increasing. Contrary to the results
at 4.28°K, the effective adsorption energies plotted in
Fig. 8 exhibit maxima which do not coincide exactly
with the vanishing of the +; multiplier in Eq. (30).
The physical effect of this noncoincidence is shown in
Fig. 6 by the gradual approach of 6, and 6. to 1. Another
interesting result, excluding the first two layers, is
indicated in Fig. 8 by the extremely high effective ad-
sorption energy for the top layer at very low coverages.

VI. CONCLUSIONS

The numerical isotherms given in the previous section
cannot be interpreted as bona fide predictions, e.g., in
Fig. 3 the saturation pressure of helium is around
10~ atm, whereas the actual saturation pressure is,
of course, 1 atm. The error caused by not using weakly
degenerate quantum statistics for the gas affects the
higher-pressure data of Fig. 6 to some extent. The
improper saturation pressure is probably related to the
use of the Bragg-Williams model. But more sophisti-
cated models! also have inherent difficulties. However,

4oo-K___,i;'./

[e]e] 2 j=2
j=3
j=4—= 5

1000 2000 3000 4000
PRESSURE (atmospheres)

77?10. 7. Energies of adsorption for helium on porous glass at
K.

u p, C. Hemmer, J. Math. Phys. 5, 75 (1964).
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the numerical isotherms are good examples of adsorp-
tion isotherms which may be obtained from the theory.
For example, single-layer condensation steps similar {
to those in Fig. 3 have been observed for krypton on
P33 carbon black by Singleton and Halsey,'* who
attribute them to the flatness of the surface—a basic
assumption of this paper. On the other hand, the higher-
temperature adsorption isotherm of Fig. 6 has the
general appearance of many published isotherms.

The main difficulty in using the triangular-site ad-
sorption isotherm is in obtaining values of D, W,, a,
o, and e. However, Halsey' has measured D and W,
for two adsorbents and 11 adsorbates. The interlayer
spacing a is not accurately known. The well-published
gas—gas values of ¢ and e can be used, although Steele®
found that for helium R increased 309, when the helium
was adsorbed. Moreover, for argon on P33 carbon
black, Sams ef al.,” observed that the Lennard-Jones
(6-12) force constants were changed by about 209,
from the gas—gas values. A combination of the proper*
set of W,, ¢, R, and ¢ values may reduce the present
need for a saturation-pressure correction. Indeed, the
theory does suggest that data for the difficult systems
of helium and any solid at very low temperatures might4
be fitted by proper choice of parameters.

12 J, H. Singleton and G. D. Halsey, Jr., Can. J. Chem. 33, 184

(1955).
18 W, Steele, Jr., J. Chem. Phys. 25, 819 (1956).




